Abstract
Introduction
Obesity is a multifactorial trait influenced by various environmental factors such as lifestyle and diet, but also by genetic background. Treating obese people with lifestyle advice is a challenge, because responses to treatment vary strongly. Weight loss maintenance and continuation of a modified lifestyle are the greatest challenges, where some turn out to be more successful than others. Stubbs et al. [1] have reviewed the different types of pretreatment predictors and correlates of weight loss and maintenance. Many potential predictors and correlates were identified, which were from genetic, physiological, psychosocial and behavioral origin [1] . In 2015, a genome-wide association study in >300,000 individuals showed that 97 DNA loci, enriched for a role in hypothalamic control of energy balance and with overrepresentation of pathways involved in both food intake and physical activity, were associated with BMI, explaining ∼ 2.7% of the variation [2] . In addition, 49 loci associated with body fat distribution (waist-to-hip ratio adjusted for BMI) were identified [3] . The first evidence for a role of genetic predisposition in weight loss and weight regain came from a study by Delahanty et al. [4] , which showed that several gene variants were associated with short-and long-term weight loss and weight regain. Based on a meta-analysis of available studies, Xiang et al. [5] concluded that individuals carrying the homozygous fat mass and obesity-associated (FTO) obesity-predisposing allele lose more weight by means of diet or lifestyle interventions than noncarriers. Knowledge of such predictors might help to explain interindividual variations in weight loss success and lead to more personalized treatments for weight loss and weight loss maintenance.
The focus of our study was on the role of variants in genes involved in the regulation of adipocyte structure and function in short-or longer-term weight loss success. Obesity is associated with hypertrophy of adipocytes demanding adaptation of the extracellular matrix (ECM), the outer protective layer of the cells [6] . Conversely, weight loss requires ECM adaptations, and inability of the adipocyte to respond adequately may lead to adipocyte cell stress, providing a risk factor for increased fat storage and weight regain [7, 8] . Thus, variation in genes coding for components and modulators of the ECM and for fat storage capacity may play an important role in the weight loss response to a weight loss intervention.
We [16] ), and obesity risk in the knockout mouse (GPRC5B [17] ). In total, 25 genes with 30 single nucleotide polymorphisms (SNPs) were selected (full list in suppl. Table 1 ; see www.karger.com/doi/10.1159/000469662 for all supplementary material), most of which have previously been associated with body mass index based on genome-wide association studies [18] [19] [20] [21] . Variation in these genes was used for analysis of the genetic association with 3-and 12-month weight loss success in severely obese subjects enrolled in a commercial lifestyle modification program. Our results indicate that some of the gene variants are predictors of weight loss in this lifestyle-treated cohort.
Methods

Subjects
For this study, 587 consecutive subjects from a local commercial obesity treatment center (CO-EUR, Heerlen, The Netherlands, co-eur.com) were recruited. Subjects were at least 18 years old and had a BMI >30. The study protocol and informed consent document were approved by the Medical Ethical Committee of Maastricht University Medical Centre+. All subjects gave written informed consent before being enrolled into the study.
Study Protocol
All participants of this study followed the lifestyle program by CO-EUR, a commercial enterprise that offers an intensive lifestyle program to obese individuals with the aim to improve their lifestyle and attain long-term weight loss. The CO-EUR obesity treatment program consisted of an 18-month multidisciplinary program targeting lifestyle modification. It included a physical activity program, psychological counseling based on cognitive behavioral therapy (CBT), and nutritional advice to promote a healthy lifestyle. A detailed description of the treatment program and its effect has been published previously [22] . The goal of the program was to achieve lifestyle modification resulting in long-term weight loss.
At baseline, before the start of the treatment program, a blood sample was drawn for isolation of DNA. In addition, body weight and height were measured. After entering the treatment program, body weight was measured every 3 months.
Measurements
Body weight was measured on a digital scale (Omron HBF-500E, Omron Healthcare Europe) to the nearest 0.1 kg. Height was measured with a stadiometer.
DNA Isolation and Genotyping
Blood was drawn from a forearm vein into an EDTA-containing tube (BD Vacutainer, 10 mL). The buffy coat was obtained by centrifugation (5 ° C, 3,000 rpm, 10 min) and stored at -80 ° C until analysis. Genomic DNA was isolated from peripheral blood leukocytes in the buffy coat using a QIAamp kit (QIAgen, Amsterdam, The Netherlands). Genotypes of 25 genes were determined using TaqMan allelic discrimination (Applied Biosystems, Foster City, CA, USA) and competitive allele-specific PCR (KASP; LGC, Teddington, UK) by Kbioscience (Hoddeston, UK). The genotyping success rate was >95%. The full list of the 25 genes with the 30 variation identifiers as well as the allele frequencies and Hardy-Weinberg values (χ 2 test) can be found in supplementary Table 1 . For PLIN1 rs2289487, the results from the genotyping assay were obtained as the forward "A" and "G" alleles, but in the text we have used the reverse annotation "T" and "C" in line with previous scientific publications.
Data Handling and Statistical Analysis
Allelic and genotype frequencies were calculated. All polymorphisms were in Hardy-Weinberg equilibrium (online suppl. Table 1 ). For each variant, the genetic inheritance model that best described the weight loss effect was determined by logistic regression analysis using SNPStats [23] . SNPStats is publicly available at http://bioinfo.iconcologia.net/snpstats. The association between genotypes, grouped according to the best inheritance model, and weight loss was assessed after 3 months ( n = 558) and after 12 months ( n = 275) of treatment. For these analyses, weight loss was categorized as ≥ 5% of initial weight (high weight loss) or <5% of initial weight (low weight loss). This cutoff level was chosen because a ≥ 5% weight loss is associated with a meaningful improvement of health in obese individuals [24, 25] . Binary logistic regression analysis was used to determine the odds for ≥ 5% weight loss of the genotypes. For SNPs of the 4 genes showing association with ≥ 5% weight loss, weight loss trajectories over 12 months were calculated and compared by mixed model analysis of variance. We also analyzed the weight loss trajectories of pairwise combinations of these genes, where we compared the combination of genotypes of the 2 genes showing the most beneficial effect on weight loss with all other combinations of the genotypes of the 2 genes.
For finding relevant associated SNPs, an odds ratio (OR) with a 95% confidence interval (CI) deviating from unity and a p value <0.05 was considered as significant. Our final results were checked against a corrected p value of 0.0017 (0.05/30). The reported p values are the uncorrected p values. Statistical analyses were performed using the SPSS v20.0 statistical software (IBM, Armonk, NY, USA).
Results
Predictors of Weight Loss at 3 Months
Out of 587 subjects, 558 had a body weight measurement after 3 months of treatment, 336 (60%) had a weight loss <5%, and 222 (40%) a weight loss ≥ 5%. The high weight loss group was significantly older and had a lower BMI at baseline than the low weight loss group ( Table 1 ) . ORs for ≥ 5% weight loss with a 95% CI deviating from unity were found for 4 SNPs in 2 of the 25 genes (PLIN1 [3 SNPs] and MMP2). Subjects with the most beneficial genotypes of the PLIN1 SNPs (rs2289487, rs2304795, and rs1052700) were 1.7-1.9 times more likely to be in the high weight loss group than subjects with the less favorable PLIN1 genotypes ( Table 2 ) . Furthermore, subjects with the C/C genotype of MMP2 rs1132896 were 1.8 times more likely to be in the high weight loss group than subjects with the G/G-G/C genotype ( Table 2 ) . Adjustment for age and BMI as covariates did not change these results ( Table 2 ) . Results for all SNPs can be found in online supplementary Table 1 .
Predictors of Weight Loss at 12 Months
Out of 587 subjects, 275 had a valid 12-month measurement. Of these subjects, 97 (35%) had low (<5%) weight loss, and 178 (65%) had high ( ≥ 5%) weight loss. Data presented as mean ± SD; 1 p value for the difference between the <5% and ≥5% weight loss groups, independent samples t test. group was significantly older and had a lower BMI than the low weight loss group ( Table 1 ) . ORs for ≥ 5% weight loss with a 95% CI deviating from unity were found for 2 SNPs in 2 of the 25 genes (PPARγ and TIMP4). Subjects with the C/C genotype of PPARγ rs1801281 were 2.0 times more likely to be in the high weight loss group than subjects with the C/G-G/G genotype ( Table 2 ) . For TIMP4 rs3755724, subjects with the T/C genotype were also 2.0 times more likely to be in the high weight loss group than subjects with the C/C-T/T genotype ( Table 2 ) . Adjustment for age and BMI as covariates did not change these results ( Table 2 ) . We also analyzed the association of a genetic risk score based on the SNPs that were associated with weight loss success at 12 months, but there was no association between the risk score and weight loss success ( p = 0.177). Results for all SNPs can be found in online supplementary Table 2 .
Mixed Model Analysis for Weight Changes
In the 275 subjects with a weight measurement after 12 months of treatment, we analyzed the weight change trajectories for the genotypes that were associated with differences in weight loss at 3 or 12 months. In Table 3 , the outcomes of the mixed model analysis for the weight loss (as % of initial body weight) over 12 months of treatment are shown for the various genotypes. Only subjects with the C/G-G/G genotype compared to the C/C genotype of PPARγ rs1801282 showed significantly more weight loss during the treatment program ( p = 0.027; Fig. 1 , Table 3 ). We also paired the genotypes associated with better odds of ≥ 5% weight loss from PLIN1 rs2289487, MMP2 rs1132896, PPARγ rs1801282, and TIMP4 rs3755724 and compared them to all other genotype combinations. Only subjects with the combination of PPARγ rs1801282 C/G-G/G and TIMP4 rs3755724 T/C showed significantly higher weight loss than subjects with all other genotype combinations ( p < 0.001) ( Fig. 2 ) . 
Discussion
In this study, we have investigated the genetic predisposition to a ≥ 5% weight loss after 3 and 12 months in subjects participating in a multidisciplinary obesity treatment program. The genetic factors for 3-month weight loss (PLIN1, MMP2) and 12-month weight loss (PPARγ, TIMP4) were identified. The genetic variation in PPARγ and TIMP4 had a synergistic effect. Thus, genetic factors related to adipose tissue structure and function rather than hypothalamic regulation of food intake appear to be important for weight loss through a multidisciplinary lifestyle intervention. This is, to our knowledge, the first study to report genetic and weight loss data on such a large number of severely obese subjects undergoing a commercial multidisciplinary treatment program.
We acknowledge that our study has some limitations. There was a high dropout rate of 54% over the 12-month treatment period. Dropout rates are known to be a major problem when analyzing data from obesity treatments in a real-life setting, such as in this study, compared to well-controlled scientific studies [26] . Therefore, the high dropout may have reduced the power of our study. In order to check if the dropout might have influenced the allele frequencies of those who were still in the program at 12 months, we compared the allele frequencies of the 4 polymorphisms in the different genes between the total group, the group at 12 months and the dropouts, but we found no significant difference. Instead of using multiple test correction, we looked for associations by scoring if the 95% CI was different from unity with a value of p < 0.05. We have done this in order not to dismiss potential clues in this rather small population. However, when the more strict p value of 0.0017 (0.05/30) was applied, only the association of weight loss success at 12 months with TIMP4 ( p < 0.001) remained. For the SNPs not reaching this level of statistical significance, results from previous studies can confirm their relevance.
PLIN1 is a well-characterized effector of energy and lipid metabolism and as a lipid droplet-coating protein it controls access to the adipocyte triglyceride stores that supply most tissues with fuel under a negative energy balance [27] . It has been reported to play a role in body weight regulation. In a weight loss/maintenance study of obese/overweight men and women, Soenen et al. [9] found that the haplotype of PLIN1 rs2289487 (C-allele) and PLIN1 rs894160 (A-allele) was related to a lower body mass, fat mass and fat-free mass in men at baseline and throughout the intervention. This haplotype was also related to a better weight reduction after 12-month follow-up in women [9] . In addition, PLIN1 rs2289487 T>C has previously been associated with a reduced risk of obesity in Spanish women [28] . In the present study, we found that for the total group the C/C genotype of PLIN1 rs2289487 predicted high weight loss in the first 3 months, and C/C-genotype carriers showed a trend for a higher weight loss over 12 months of treatment. Since from other studies it is clear that there is a sex difference in the association between weight loss and PLIN1 SNPs, we decided to test for association with PLIN1 rs2289487 separately among females and males. At 3 months, the C/C genotype of this SNP of the PLIN1 gene showed significance as a predictor of high weight loss in females ( p = 0.002; OR 2.61 [1.41 to 4.85]). At 12 months, there was a trend for high weight loss ( p = 0.07; OR 2.33 [-0.89 to 6.14]). As such, our findings are in line with studies by others. For PLIN1 rs1052700, the T/T genotype predicted high weight loss after 3 months, and T/T genotype carriers showed a trend for higher weight loss over 12 months of treatment. Soenen et al. [9] reported that men with the T/T genotype compared to the A/A-T/A genotype had a significantly lower weight, fat mass and fat-free mass at baseline and throughout the intervention, whereas women with the T/T genotype had a significantly lower plasma leptin level. In other studies, the analysis of weight loss and obesity risk in T-allele carriers of PLIN1 rs1052700 showed a lower obesity risk in women [29] and a higher weight loss after a weight-loss intervention in children and adults [30, 31] , although one study reported a higher obesity risk in women [32] . Our results are in accordance with the data from most of these studies. For yet another polymorphism in the PLIN1 gene, rs2304795, the G/G genotype was found to be associated with higher odds for high weight loss at 3 months, but no relation with weight loss over a period of 12-month treatment was observed. In the study by Soenen et al. [9] , it was observed that the G-allele in a haplotype with the A-allele of PLIN1 rs2304796 was associated with a significantly larger reduction of fat mass and fat percentage, but only in female subjects. In 2 studies performed by Qi et al. [29, 32] regarding PLIN1 gene polymorphisms, PLIN1 rs2304795 was associated with higher obesity risk in women. In our study, there was only a trend at 3 months for women with the G/G genotype of this SNP of the PLIN1 gene to have lower odds for high weight loss ( p = 0.07; OR 0.35 [0.11 to -1.16]). Lower odds for high weight loss could be interpreted as a higher obesity risk, which would comply with the studies by Qi et al. [28, 32] .
MMPs are essential for ECM remodeling. The remodeling of the adipocyte ECM occurs during the development and growth of the fat depot [8] , but probably also when adipocytes shrink under conditions of calorie restriction [7] . The results from our study indicate that MMP2 rs1132896 (C/C genotype) is a predictor for high weight loss at 3 months. In a recent study on long-term weight development, the C-allele was found to be associated with risk for weight gain in women [33] . In a study among Koreans, the C-allele of MMP2 rs1132896 was found to increase the risk for the development of obesity [34] . It suggests that the C-allele is representing a form of MMP2 that provides higher flexibility to the adipocyte ECM both under requirements of cell shrinkage or cell growth.
Two polymorphisms had odds for better weight loss at 12 months of treatment: TIMP4 rs3755724 (T/C genotype) and PPARγ (C/C genotype). Like MMPs, TIMPs are also active during adipose tissue remodeling [8] . To the best of our knowledge, this is the first report of a relation between TIMP genetic variation and weight loss. The significant OR for weight loss success for the TIMP4 rs3755724 heterozygotes compared to both homozygotes may confer a survival advantage in the heterozygotes. Functional analysis of this polymorphism is relatively difficult. Associations have been described with mental disorders like focal epilepsy and schizophrenia [35, 36] . A complicating fact is that the SNP is located at -55 in the promoter region of TIMP4 but also in an intron of the gene for synapsin II, which is transcribed from the opposite strand. New and larger studies are required to confirm this finding and address the underlying mechanism. No association with mean weight loss over 12 months was observed ( Table 3 ) . PPARγ is known to have a role in adipocyte differentiation, lipid metabolism, and glucose homeostasis. It also controls the expression of adiponectin, resistin, leptin, and tumor necrosis factor-α secreted from adipose tissue [37] . For rs1801282, a C/G SNP also known concerning the protein as Pro12Ala [38] , we found that at 12 months subjects with the C/C genotype are at higher odds for high weight loss than subjects with the C/G-G/G genotype, and the G-allele carriers showed a higher loss of relative body weight over the 12-month treatment period. G-allele carriers have slightly higher baseline body weight (+0.7 kg) compared to subjects with the C/C genotype. These findings are in accordance with a meta-analysis showing that carriers of the Ala12 allele had a higher average BMI [39] , and also with the study of Delahanty et al. [4] , who found that 6-month and 2-year weight loss was associated with the minor Ala12 allele of the PPARγ gene. Bozina et al. [40] found that carriers of the Pro12Ala (C/G) or Ala12Ala (G/G) genotype had greater odds for obesity, but this was in a specific subsample with the ACE DD genotype.
Apart from PPARγ, we included other SNPs in our analysis that were also studied by Delahanty et al. [4] (BDNF, FTO, nearGNPDA2, SEC16B, SH2B1). In agreement with Delahanty et al. [4] , we did not find associations between these SNPs and weight loss, although the FTO SNP showed a treatment-specific effect. A recent meta-analysis [5] suggested that the AA genotype of the FTO SNP, but not the TA genotype, was associated with significantly more weight loss than the TT genotype in diet and lifestyle interventions (difference -0.72 kg [95% CI: -1.21, +0.23 kg]; p = 0.004).
Interestingly, both the 3-month and 12-month analyses provide evidence on the involvement of the same processes in the genetic predisposition to weight loss by dietary and lifestyle advice, i.e. fat storage in adipocytes (PLIN1 and PPARγ) and adipose tissue remodeling (MMP2, TIMP4). Variation in genes involved in other processes like the sympathetic nervous system (ADRB2), hypothalamic regulation of eating behavior (CNTF, BDNF, FTO, LEP), or peripheral energy metabolism (ACE, ADIPOQ) did not show associations. It indicates that the capacity to lose weight in the investigated cohort depends largely on the (genetically determined) performance to preserve the stored fat and on the structural flexibility of the adipocytes. Those characteristics may also be reflected in a lower baseline BMI for the high weight loss group at 3 and 12 months. In vivo, regulation of fat storage and structural adaptation of the adipocytes are expected to be linked processes. Here, we found with the mixed model analysis for mean weight change over the 12-month period that subjects with the combination of the genotypes associated with higher weight loss of PPARγ and TIMP4 (PPARγ rs1801282 C/G-G/G and TIMP4 rs3755724 T/C) showed significantly higher weight loss than all other genotype combinations ( p < 0.001) and a trend for combining SNPs of PLIN1 and MMP2 ( p = 0.09). This synergistic effect seems to confirm that both processes are interacting and determine the success of weight loss.
In conclusion, weight loss of severely obese subjects by dietary advice, psychological counseling, and increased physical activity in real-life conditions depends on the genetic background. Relevant genetic variation relates to genes involved in adipocyte fat storage and structural adaptation of the adipocytes during fat reduction. These findings can be of importance when searching for explanations regarding treatment success or failure.
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